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transforms from its usual soluble native form into insoluble amyloid fibrils that can accumulate in a variety of organs and tissues. It is not yet clear, in what manner the process of amyloid fibril formation leads to the pathogenic behavior that characterizes these diseases; however, in the systemic conditions it is likely that the fibrils themselves contribute very significantly to the process of organ damage (5) . Furthermore, an increasing number of proteins with no link to deposition diseases have been found to form functional amyloid structures in organisms ranging from bacteria to mammals (7) (8) (9) (10) .
The mechanisms of amyloid fibril formation, and the structures of the amyloid fibrils themselves, are inherently interesting topics and raise important questions from a physical as well as a biological perspective (11) . To explain the molecular basis of amyloid fibril formation by globular proteins, it has been proposed that a critical early step is the partial unfolding of the protein, resulting in flexible conformers that expose aggregation-prone regions of the sequence, which are largely buried in the native state, to the external environment (12) . In the example investigated here, fibrils are formed in vitro by the SH3 domain of the p85α subunit of bovine phosphatidylinositol 3-kinase (PI3-SH3) under acidic conditions (13) . The structure of the protein in its native state is well-characterized by X-ray crystallography (14) and solution NMR spectroscopy (15) (16) (17) , and studies of the acid unfolded state provide clear evidence that the protein adopts a partially folded conformation prior to fibril formation (13, 18) . However, to understand in detail the mechanism by which PI3-SH3 fibrils form and to characterize their properties, it is necessary to elucidate the structure of the fibrillar state at atomic resolution. In combination with information available from previous biophysical studies on this system, the characterization of PI3-SH3 fibrils is likely to reveal significant insights into the universal features of amyloid formation and structure (19) (20) (21) (22) (23) .
Proteins that readily aggregate to form amyloid fibrils do not share any obvious sequence identity or structural homology to one another. Prior to their transformation into fibrils, amyloidogenic proteins can possess a variety of secondary structure elements, but in their fibrillar state, as revealed by X-ray fiber diffraction data, they adopt a cross-β structure, in which arrays of β-strands are oriented approximately perpendicular to the long axis of the fibril. In addition, fibrils from a wide variety of peptides and proteins typically display a long, unbranched and frequently twisted morphology (24) , suggesting that the ability to form fibrils is an inherent property of polypeptide chains and not restricted to pathological cases, although the propensity to aggregate and the molecular details of the resulting structures are highly sequence-dependent (1) .
The physical properties of amyloid fibrils impede their study by conventional highresolution structural techniques such as single-crystal X-ray crystallography and solution NMR spectroscopy. Specifically, they do not possess long-range three-dimensional order, do not diffract to high resolution, are typically insoluble, and have high molecular weights. Therefore, the majority of structural information on these species has been obtained through complementary techniques such as transmission electron microscopy, atomic force microscopy, and X-ray fiber diffraction (24) (25) (26) . In the past decade, however, significant advances in magic angle spinning solid-state NMR (MAS NMR), notably dipolar recoupling methodology, has enabled the de novo determination of the structures of complex biological molecules in the solid state. In particular, high-resolution MAS NMR structures have been obtained for short peptides and microcrystalline proteins (27) (28) (29) (30) and for an 11-residue fragment of human transthyretin (TTR) in its amyloid fibril form (31, 32) . Furthermore, detailed structural information, and in some cases structural models, have been obtained by MAS NMR spectroscopy for several amyloid fibrils and prion proteins such as α-synuclein (33), the amyloid-β (Aβ) peptide (34) (35) (36) (37) (38) , the GNNQQNY fragment of Sup35 (39), β 2microglobulin (40), HET-s (41) and a fragment of the yeast prion protein Ure2p (42) . MAS NMR experiments based on dipole-dipole interactions permit the analysis of rigid structural domains, such as the core of amyloid fibrils. In addition, the incorporation of techniques originally developed for liquid-state NMR studies into MAS NMR experiments (43) facilitates the analysis of highly flexible regions of the fibril (33, 44) . Solid-state NMR spectroscopy is therefore a highly versatile method for the study of the structure and dynamics of biological macromolecules, even those as challenging to characterize as amyloid fibrils (45) and other kinds of protein aggregates and assemblies (46) (47) (48) .
In this article we describe site-specific structural characteristics of PI3-SH3 in amyloid fibril form determined via MAS NMR spectroscopy. The dipolar correlation spectra of PI3-SH3 exhibit excellent resolution, allowing us to identify 82 spin systems for the 86-residue protein. Analysis of samples prepared with alternating 13 C-12 C labeling (28, 49, 50) resulted in site-specific assignments for the majority of the 13 C and 15 N resonances observed. Spectral and chemical shift analyses suggest that the backbone conformation of PI3-SH3 in fibril form consists of well-defined secondary structure elements interrupted by short segments of less regular structure. Interpreting the results from previous structural and mechanistic studies on PI3-SH3, in light of the molecular conformation of the fibril subunits reported here, provides key insights into the process of fibril formation and overall fibril structure. The amyloid characteristics at the molecular level of PI3-SH3 described here are similar to those of disease-associated protein fibrils, and thus strongly support the idea that amyloid fibrils are commonly accessible structural states (1, 4) and highlight the importance of studying model systems in order to enhance our understanding of the underlying principles of amyloid assembly and structure.
Materials and Methods

Sample Preparation
The 86-residue, 9.6 kDa PI3-SH3 domain was expressed as a his 6 -tag fusion construct in BL21(DE3)pLysS E. Coli cells using M9 minimal medium as described previously (13) . For uniformly 13 C and 15 N labeled material (U-PI3-SH3), the medium was supplemented with 15 N-ammonium chloride and 13 C-glucose as the sole nitrogen and carbon sources. A sample in which 13 C is incorporated in approximately every other carbon site (2-PI3-SH3) was prepared using [2-13 C]glycerol and NaH 13 CO 3 (Cambridge Isotopes, Andover MA) as the sole sources of carbon (28, 49) . The protein was isolated by nickel affinity chromatography and further purified by size exclusion chromatography. Fibrils were prepared by incubating 1.0 mM monomeric PI3-SH3 in aqueous solution at pH 2.0 for two to three weeks at 25 °C. The fibril morphology was verified periodically by transmission electron microscopy (TEM). Upon completion of fibril formation into a long, straight morphology, the fibrils were collected from solution by centrifugation. For MAS NMR experiments, the buffer was changed to a 60/40 (w/w) mixture of d 5 -glycerol and buffer at pH 2.0, via repeated cycles of centrifugation and re-suspension, prior to an ultracentrifugation step for concentration. The wax-like pellet contained approximately 0.5 mg of fibrils per mg of sample material. Finally the pellet was transferred into a MAS rotor by centrifugation. The samples consisted of approximately 5 and 8 mg of protein packed into 2.5 and 3.2 mm rotors, respectively. Fibril morphology after several weeks of MAS NMR data acquisition was verified via TEM images.
MAS NMR Spectroscopy and Data Analysis
NMR experiments were performed on custom-designed spectrometers (courtesy of D. J. Ruben, Francis Bitter Magnet Laboratory) operating at 1 H Larmor frequencies of 700 and 750 MHz. Experiments at 700 MHz were performed using a Varian 3.2 mm triple-resonance probe (Varian Inc, Palo Alto, CA), while at 750 MHz a Bruker 2.5 mm triple-resonance probe (Bruker BioSpin, Billerica, MA) was used. The sample temperature was maintained by using a stream of nitrogen gas (2 °C) . Correlation experiments utilized ramped crosspolarization (CP) and two-pulse phase modulation (TPPM) heteronuclear decoupling (51) , and were performed at MAS frequencies (ω r /2π) between 10.0 and 28.5 kHz. For homonuclear correlation experiments RFDR (52) (53) (54) , DREAM (55), CMAR (56) , and PDSD (57) mixing schemes were used with U-PI3-SH3, while RFDR, PDSD, and BASE RFDR (58) were used with 2-PI3-SH3. CMAR experiments were recorded at ω r /2π = 28.571 kHz using a 13 C r.f. field of ω 1 /2π = 100.0 kHz. Broadband RFDR experiments were recorded either at ω r /2π = 18.182 kHz using 13 C ω 1 /2π = 40 kHz and high-power 1 H decoupling or at ω r /2π = 28.571 kHz using 13 C ω 1 /2π = 120 kHz without 1 H decoupling during the mixing time. PDSD experiments were recorded at ω r /2π = 10 to 12.5 kHz, with mixing times between 50 and 300 ms. DREAM correlations over the 13 C aliphatic 13 C region were recorded at ω r /2π = 16.667 and 28.571 kHz. Heteronuclear correlations were obtained using SPECIFIC CP (59) and TEDOR (60-62) mixing (1.6 ms and 6.0 ms mixing times). Data collection consisted of 1024 indirect points with increments of 25 µs for homonuclear spectra and 320 indirect points with increments of 80 µs for heteronuclear spectra. DREAM, CMAR, RFDR, and 1.6 ms TEDOR spectra were averaged for approximately 48 hours each, while PDSD, BASE RFDR, NCXCY, and 6 ms TEDOR spectra were averaged for four to five days each. 13 C and 15 N chemical shifts were indirectly referenced to DSS (63) and liquid ammonia (64), respectively. NMR data were processed using NMRPipe (65) and analyzed with Sparky (T.D. Goddard and D.G. Kneller, SPARKY 3, University of California, San Francisco, USA). Secondary structure elements were predicted by calculating the chemical shift deviation from random coil values (66) using the secondary shift values listed by Zhang et al. (67) . Backbone torsion angles φ and ψ were predicted with the TALOS program (68), version 2007.068.09.07.
Results
Fibril Homogeneity and Spectral Quality
Amyloid fibrils formed by PI3-SH3 adopt preferentially a single morphology, and are remarkably stable (23) . No signals from monomeric PI3-SH3 were observed in MAS NMR spectra. Furthermore, the five samples employed in our analysis show exclusively a single set of chemical shifts and no significant variations in resonance positions were evident between the five different preparations. A second form, uniquely observed in a sixth sample, showed some differences from the first form generated under apparently identical conditions, but was not pursued further in this study, which focuses solely on the first, dominant form.
One-dimensional (1D) MAS NMR spectra of PI3-SH3 fibrils are of very high resolution and permit the observation of important structural features. Two spectra of uniformly labeled PI3-SH3 (U-PI3-SH3) are shown in Figure 1 , a direct-detected 13 C MAS spectrum (top) and a 1 H- 13 C CP MAS spectrum (bottom). These two spectra are remarkably similar to each other in most of their salient features, the only exception being slightly different intensities for a small number of side-chain resonances. This finding indicates that the protein backbone in PI3-SH3 is in a well defined conformation such that CP enhancement is essentially uniform throughout the polypeptide chain. Indeed, MAS NMR spectra of PI3-SH3 utilizing the INEPT method, aimed at selectively exciting 13 C sites in highly flexible regions, yield no protein signals in the temperature range explored in these studies (−10°C to 25°C). CP spectra at various temperatures are shown in Figure S1 of the supporting information. The absence of highly mobile carbon sites, and the close similarity between the CP and the direct 13 C polarization spectra, indicate that the majority of the PI3-SH3 polypeptide chain adopts a very rigid conformation in its fibrillar state, in contrast to observations for several other fibrillar systems studied recently, such as α-synuclein (33), Het-s (44) , and a human prion protein (69) , where the constituent protein subunits are observed to have both rigid and mobile segments.
A very high degree of structural homogeneity is clearly evident from the 2D 13 C-13 C correlation spectra of U-PI3-SH3, as illustrated in Figures 2 and 3 . The average 13 C linewidth is less than 0.5 ppm (94 Hz at a 1 H Larmor frequency of 750 MHz), comparable to that observed in uniformly labeled microcrystalline proteins (28, 29, (70) (71) (72) . Since the spectral resolution of fibril samples depends on their hydration levels (73), PI3-SH3 fibrils were dispersed in a glycerol/water mixture (60/40, w/w) prior to recording spectra to inhibit dehydration of the samples by exploiting the low vapor pressure and hygroscopic properties of glycerol. Indeed, MAS NMR spectra of PI3-SH3 fibrils in buffer alone (pH 2.0) show considerably larger linewidths under the same experimental conditions than those of fibrils in the glycerol/water mixture described above ( Figure S2 ), while the chemical shifts show only marginal changes. Besides preventing dehydration, it is also possible that the glycerol solvent, which has a stabilizing effect in protein structure, may restrict motion in the fibrils and thus contribute to increased structural order and result in narrower lines.
MAS NMR spectra with a comparable resolution to those reported here have been observed for a number of amyloid systems, including the TTR fragment mentioned above (31) and the prion protein fragment HET-s (41) . However, in other cases the observed linewidths for amyloid fibrils observed in MAS NMR spectra typically vary between 1 and 5 ppm (33, 34, 39, 74) . The excellent quality of the dipolar correlation spectra of U-PI3-SH3 is therefore noteworthy, and can be attributed at least in part to careful control of experimental conditions, but is also indicative of the inherent homogeneity of PI3-SH3 fibrils at the molecular level.
Despite the narrow line widths characteristic of PI3-SH3 fibrils, certain regions of the correlation spectra show a significant degree of resonance overlap consistent with localized structural degeneracy. For example, aliphatic 13 C-13 C correlation spectra exhibit extensive overlap of 13 Cα-13 Cβ cross-peaks at chemical shift positions typical of Glu/Gln and Asp/ Asn residues (marked with boxes in Figure 2) . A low degree of chemical shift dispersion is a consequence of limited variability in secondary structure, and thus is likely to be a feature of the spectra of amyloid fibrils as a result of their high β-sheet content. However, it could also be a consequence of a small degree of local disorder.
Site-specific Resonance Assignments of PI3-SH3 Amyloid Fibrils
Using a combination of 2D homonuclear dipolar correlation experiments with short mixing periods (Figures 2, 3, and S3), it was possible to identify 82 13 C spin-systems out of a total of 86 residues, and for the majority of spin systems all the side-chain resonances are observed. A number of sequential connectivities were initially established with heteronuclear NCACX and NCOCX experiments (59) and with homonuclear 13 C- 13 C correlation experiments under weak coupling conditions (75) using the U-PI3-SH3 sample. However, in order to complement and expedite spectral analysis, we exploited the improved resolution of the 2-PI3-SH3 sample relative to the uniformly labeled one, as well its characteristic attenuation of dipolar truncation effects (76) . Spectra of 2-PI3-SH3 typically exhibit linewidths below 0.2 ppm (~38 Hz, at a 1 H frequency of 750 MHz) for positions without an adjacent 13 C label, and linewidths below 0.1 ppm (~19 Hz, at a 1 H frequency of 750 MHz) for some side-chain resonances. Sequential inter-residue correlations in 2-PI3-SH3 were established using band-selective radio-frequency dipolar recoupling (BASE RFDR) experiments optimized for aliphatic 13 C nuclei and RFDR for broadband carbonylaliphatic recoupling. BASE RFDR generates highly sensitive sequential correlations between aliphatic nuclei, as described recently (58) . In particular, a large number of 13 Cα(i)-13 Cα(i±1) and 13 Cα(i)-13 Cβ(i±1) correlations appear readily in BASE RFDR spectra of 2-PI3-SH3, which greatly facilitates resonance assignment. A broadband RFDR experiment, optimized for two-bond 13 C'(i)-13 Cα(i+1) pairs, can also yield highly informative sequential cross-peaks. Figure 4 compares the resonance assignment information available in broadband RFDR experiments on U-PI3-SH3 and 2-PI3-SH3. Both spectra were recorded under similar conditions (17.6 T and ω r /2π = 28.5 kHz) using RFDR mixing without 1 H decoupling and optimized for one-bond transfer (U-PI3-SH3) and twobond transfer (2-PI3-SH3). Generation and identification of two-bond 13 C'(i)-13 Cα(i+1) cross-peaks in U-PI3-SH3 at longer mixing times are precluded by dipolar truncation and by overlap with one-bond intra-residue 13 C'(i)-13 Cα(i) cross-peaks, respectively. The latter are few in 2-PI3-SH3, and thus numerous sequential correlations may be identified, provided that both 13 C sites are labeled simultaneously by this alternating labeling scheme, in at least a fraction of the protein sample. PDSD experiments with 200-300 ms mixing times, although less efficient, provide additional corroboration of homonuclear sequential connectivities obtained with BASE RFDR and two-bond RFDR. Heteronuclear sequential correlations were obtained with TEDOR experiments on 2-PI3-SH3, optimized for either one-bond or two-bond mixing. The latter provided numerous 15 N(i)-13 C(i-1) connectivities that aided the assignment process and corroborated the partial NCXCY assignments obtained with U-PI3-SH3. Figure 5 illustrates several examples of these sequential TEDOR correlations obtained with 2-PI3-SH3. Due to the improved resolution afforded by this sample, multiple 15 N(i)-13 Cα(i-1) cross-peaks can be resolved and used to expand upon and verify homonuclear sequential correlations. A detailed description of our resonance assignment scheme and analysis of 2D sequential correlations in samples labeled with [2-13 C]glycerol will be the subject of a forthcoming publication.
Site-specific resonance assignments were elucidated for 75 residues, located in two large stretches (G1-K18 and L25-G80) of the sequence, thus leaving two small segments of the sequence unassigned, E19-I24 and the C-terminus, R81-S85 with the exception of P86, assigned unambiguously by elimination. Figure 6a shows the amino acid sequence of PI3-SH3, highlighting the residues that have been assigned at least in part. 13 C and 15 N chemical shifts for all assigned nuclei are provided in Table 1 of the supplementary material.
For several spin-systems identified in 13 C-13 C dipolar correlation spectra of U-PI3-SH3, it was not possible to establish inter-residue connections in either U-PI3-SH3 or 2-PI3-SH3 samples due to severe overlap of backbone resonances. In some cases, spin systems were ambiguously identified through their characteristic 13 C-13 C correlations, but did not yield sequential connectivities with sufficient certainty to establish unambiguous assignments.
Secondary Structure and Dynamics
Site-specific analysis of the MAS NMR spectra allows us to elucidate both global and local characteristics of the PI3-SH3 fibril structure. The well-resolved spectra, presenting a unique set of resonances, are consistent with a high degree of structural homogeneity throughout the fibrils, with every residue in the sequence being in a single environment within the fibril. Secondary structure elements were predicted from the difference between the observed 13 C and 15 N chemical shifts and their random coil values, using the Chemical Shift Index (66, 67, 77) . Here, the quantity Δδ = δ 13 Cα -δ 13 Cβ, from Ref. (77) , is particularly useful, since the accuracy of chemical shifts obtained by MAS NMR experiments is usually lower than in solution NMR experiments. The results are summarized in Figure 6b and suggest that most residues in the well-ordered segments of the polypeptide chain are in a β-strand conformation. (See Figure S6 for individual secondary shifts.) To supplement these results, backbone torsion angles φ and ψ were predicted from the chemical shifts using the TALOS program (68) , as shown in Figure 6c . (See Figure S7 for further details.) The results from this database approach agree closely with the secondary structure predictions from the Chemical Shift Index.
The secondary structure of PI3-SH3 in amyloid fibril state consists of four well-defined segments adopting predominantly β-strand conformations, linked by random coil elements. Chemical shift analysis indicates that three long stretches of residues assume torsion angles consistent with a β-strand secondary structure, namely S2-K17, L26-A41, and E49-T64, in addition to a short fourth segment, T74-Y78. It important to point out that these predictions may be ambiguous, particularly for segments including Gly residues, and additional tertiary constraints are needed to define the location and structure of β-sheets accurately. The residues that connect the first and second β-strand regions (E19-I24) present weak backbone and side-chain signals in MAS NMR spectra, and thus most of them have not been assigned unambiguously. However, based on such spectral characteristics, we can conjecture that this small region of the sequence is not well defined structurally, presenting either dynamic disorder or conformational heterogeneity. The same conclusions can be reached regarding the last six residues of the sequence. On the other hand, the sequence of residues (L42-Q48) between the second and third β-strand regions appears to be a well-structured loop, based on their intense and narrow MAS NMR signals with random-coil chemical shifts. Another region of random-coil chemicals shifts (T65-G73) is observed between the third and fourth β-strand elements. In summary, the majority of residues giving rise to narrow lines in the MAS NMR spectra of PI3-SH3 fibrils appear to be located in β-strands or in relatively short and ordered regions that link these secondary structure elements.
From the absence of any signals detectable by solution-like NMR methods we can conclude that there are no highly flexible regions in the protein backbone of PI3-SH3 in its fibrillar form. In addition to indicating an overall high level of structural homogeneity, the observation of narrow linewidths for the majority of the PI3-SH3 residues when in the fibril state points to the absence of significant dynamic processes on the timescale of the rf irradiation (decoupling and cross polarization) for these residues, which can lead to line broadening and loss of intensity in MAS NMR spectra (78, 79) . On the other hand, no resonances could be identified for a few residues within the unassigned segments mentioned above, suggesting that such residues could be in regions of the fibril presenting conformational heterogeneity or undergoing local motions on timescales that interfere with the MAS NMR experiments. Such dynamic interference effects could, in principle, be identified through variable temperature experiments over a wide range of temperatures, and such experiments will be reported in future studies. The C-terminal segment I79-S85, part of which presents weak signals in our spectra, is more exposed to the solvent than the rest of the sequence according to H/D exchange data (80) . Other residues showing exchange include K36-G37-S38 and G66-E67, possibly due to mobility or to their particular structure. Residues G66-E67 are in random coil conformation and while K36-G37-S38 is part of a βstrand, they may form a bulge exposing their amide protons to the solvent, or they may be flexible sites due to the presence of Gly residues. Weak side-chain resonances of K36 may be evidence of the latter.
Discussion
Comparison with the Native Fold
The native structure of PI3-SH3 is composed of five β-strands forming a β-barrel and a short helixlike turn (14) (15) (16) . Fiber-diffraction studies suggest that the orientation of the β-strands in PI3-SH3 fibrils is perpendicular to the fibril axis (13, 81) , a finding inconsistent with the β-barrel architecture of the native fold. Nevertheless, a simple rearrangement of the βstrands in the native PI3-SH3 fold is sufficient to account for electron-density maps from cyro-EM and thus satisfy the above observation. A comparison of the secondary structure elements of the native PI3-SH3 fold, previously obtained with solution NMR and X-ray crystallography, to those derived from our solid-state NMR chemical shift analysis is depicted in Figure 7 , in which bars and cylinders denote β-sheet and helical segments, respectively, and dashed lines highlight flexible or disordered regions. These plots show that the secondary structure elements in the native fold are significantly different from those elements identified for the protein in the fibril state. The MAS NMR data show that none of the assigned residues adopt α-helical or helix-like conformations in the fibrils, a finding that is in accordance with circular dichroism and FT-IR data (19) . More remarkably, β-strand segments are considerably longer in the fibrils than in the native fold.
The secondary structure elements in the native structure of PI3-SH3, as determined by solution NMR spectroscopy (15, 16) , consist of five β-strands, which are four to six residues in length, and short helical segments. In the native PI3-SH3 fold, the first six N-terminal residues are disordered and the first β-strand is formed by Q9-A12, which is followed by a long random coil segment that includes the RT loop (L13-D25) and the diverging turn (L26-D30). The second β-strand consists of residues I31-V34 and is followed by a flexible stretch of ~22 residues in random coil conformation (referred to as the N-src loop), including a short helical segment and a solvent-exposed helical turn (K51-E54). A well defined type I β turn (E63-G66) links the third and fourth β-strands, composed of residues W57-N62 and E67-P72, respectively. The fifth β-strand, formed by residues E77-R81A, comes after a short helix-like turn, and is followed by a disordered C-terminus (K82-P86). A very similar native conformation is found in the crystal structure of PI3-SH3, with the major difference being that, as a result of intermolecular packing, the N-src loop and the C-terminus are less flexible and better defined in the crystal structure (14) . In turn, these intermolecular interactions in the crystal lattice stabilize the secondary structure elements of native PI3-SH3, whose β-strands are longer by a few residues in the crystal structure than in the solution structure, as shown in Figure 6 .
Considering the secondary structure elements in the fibrillar state described in the preceding section, we may highlight the following differences (and a few similarities) between PI3-SH3 fibril subunits and the native fold. Three out of the five native β-strands are preserved in the fibril state, as part of longer β-strand elements, while residues that form part of βstrands 4 and 5 in the native state (near the C-terminus) adopt mostly a random-coil conformation in the fibril. The natively disordered N-terminus adopts a rigid β-strand structure in the fibril state, while the native structure's diverging turn goes from a welldefined loop conformation to a β-strand configuration. Similar changes occur for the natively flexible N-src loop region, which encompasses both helical and random-coil residues in the native fold but constitutes the middle of a long, rigid strand-loop-strand region in the fibril state, as shown in Figure 6d . On the other hand, the C-terminal residues, highly flexible in the solution structure, appear to also be dynamically/structurally disordered in the fibrils. Finally, the natively random-coil RT-loop constitutes, in the fibril state, both part of a rigid β-strand region (on the N-terminal side) and a disordered segment with few observed MAS NMR signals.
Our observations therefore demonstrate that PI3-SH3 subunits in amyloid fibrils adopt a conformation that is vastly different from that of the native structure of the protein. While fibril measurements by X-ray and cryo-EM (20) can be rationalized with changes in the relative location of secondary structure elements, our data indicate that, in the case of PI3-SH3, only a few residues preserve their conformations between the native and the fibril state, while the majority of the sequence presents important differences in secondary structure and/or dynamics between one state and the other.
Aggregation Propensity and Fibril Conformation
PI3-SH3 has been thoroughly studied as a model for the characterization of amyloid fibril formation by a natively globular protein, starting from the acid-unfolded state. In particular, multiple studies have shed light on this protein's propensity to form fibrils as a function of its amino acid sequence and variants thereof, which has led to the identification of key positions in the sequence in which amino acid substitutions may either disrupt or accelerate the aggregation of monomers into amyloid fibrils, as well as segments that have little effect on fibril formation. For example, preparation of chimeras between PI3-SH3 and spectrin-SH3 (SPC-SH3), a structurally homologous protein that does not form fibrils in all conditions tested, showed that the N-src loop does not have an effect on the aggregation propensity of either protein (82) , even though it is the most dissimilar region between the two native structures, being much longer and flexible in PI3-SH3. On the other hand, a short segment from the RT-loop and diverging turn regions of PI3-SH3, D23-L28, was sufficient to confer a SPC-SH3 chimera the ability to form amyloid fibrils, suggesting that this part of the sequence of PI3-SH3 has a specific role in its aggregation ability (83) . Additional sets of mutations containing at least one residue in this segment were investigated with the aim of exploring the dependence of PI3-SH3 aggregation on three key physico-chemical characteristics of polypeptides, charge, hydrophobicity, and secondary structure tendency (84) . The incorporation of extra charges (at pH 2.0) in this region effectively precluded the formation of aggregates, while increasing the polypeptide's helical propensity had a moderate but noticeable effect on disrupting fibril formation (83) . Placing charges in regions of the sequence other than the RT-loop/DT segment can also have dramatic effects. As reported recently (85), E54K and E63K single-mutants have elongation rates several orders of magnitude slower than wild-type PI3-SH3, starting with pre-formed fibrils. These two sites, as well as the RT-loop/DT segment, are located near residue stretches that are found to be prone to aggregation, as calculated by the Zyggregator algorithm (86, 87) , to which their strong influence has been attributed. Moreover, mutation of a charged residue to a neutral one at pH 2.0 (K18Q) resulted in a two-fold increase in the rate of elongation of pre-formed fibrils (85) . On the other hand, inserting multiple charges at the N-terminus (via a His-tag) did not interfere significantly with PI3-SH3 aggregation (83) , further illustrating the sequence dependence of the factors influencing fibril formation by proteins.
Knowing the secondary structure that the PI3-SH3 polypeptide adopts in fibril form, we can discuss the previously published results described above in the context of both aggregation propensity of the amino acid sequence and the final fibril conformation, which are compared in Figure 7 . The RT-loop/DT segment D23-L28 is at the edge of a β-sheet in the fibril conformation that coincides well with a predicted aggregation-prone region in the unfolded state of PI3-SH3 at pH 2.0 (85), which may explain its fundamental role in fibril formation. Conversely, mutated residues near the aggregation-prone segments, such as L28K and D25R (83), may act as "gatekeepers" that prevent intermolecular association and formation of ordered β-sheets via electrostatic charges (88, 89) . Similarly, residues E54 and E63 flank a predicted aggregation-prone region and, moreover, adopt a β-sheet conformation in the final fibril state, as part of a β-strand spanning residues 49 to 64. The relative location of these residues within the fibril β-strand, with E63 being more peripheral, may account for the slower elongation rate of the E54K mutant compared to E63K fibrils (85), while both are orders of magnitude slower than the wild-type case. A different situation is observed for residues K17 and K18, which are distant from calculated aggregation-prone regions and are not effective gatekeepers, even though they end up being adjacent to a β-sheet segment in the fibril state. These observations support the hypothesis that gatekeeper residues can be found in close proximity to calculated aggregation-prone regions in native or unfolded states and are not restricted to positions within β-sheet segments in the mature fibril state. Indeed, several charged residues are incorporated in the highly ordered β-sheets of the fibril conformation of wild-type PI3-SH3 described in Figure 6 . Therefore, the ability of charged residues (and additional charges) to disrupt the aggregation process is highly dependent on their position in the sequence, and not only on the conformation they adopt in the fibril state, which may reflect the specific role they play in the assembly mechanism.
On the Mechanism of PI3-SH3 Fibril Formation
It is interesting to compare our results to published work that addresses directly the mechanism of fibril formation by PI3-SH3. A recent study (80) has shown, via a pulselabeling hydrogen-deuterium (H/D) exchange technique, that the segments A12-K18 and E21-G29 are the most protected from exchange in mature fibrils formed at pH 2.0, which we have analyzed here. A similar region, Y14-I24, is the most protected in the pre-fibrillar aggregates observed at pH 1.5, a condition found to favor the stabilization of PI3-SH3 intermediates, while other regions have dissimilar levels of exchange for the two species. Furthermore, as the aggregates mature into fibrils at pH 1.5, the H/D profile changes into one that similar to those of mature fibrils at pH 2.0, pointing to a common fibril assembly process in which pre-fibrillar intermediates are formed first and subsequently rearrange into the final fibril structure. This observation is consistent with the nucleated conformational conversion (NCC) mechanism (90), in which monomers in solution coalesce into amorphous oligomers that later undergo reorganizations that produce ordered oligomers and finally amyloid fibrils rich in β-sheets. Indeed, the formation of amyloidogenic oligomers in the process of fibril formation at pH 2.0 has been detected and quantified by a single-molecule fluorescence study (91) . The partial protection from H/D exchange in PI3-SH3 intermediates indicates a significant degree of intermolecular organization, which is preserved and extended in the mature fibrils to most residues in the stretch A12-G29. Notably, these protected residues include the mutation-sensitive RT-loop/DT segment D23-L28 as well as part of the N-terminal β-strand of the fibril state. However, while the latter segment (A12-K18) is well ordered according to our MAS NMR data, several residues within the protected segment present weak NMR signals consistent with local structural disorder, namely residues E19 to I24, as described above. Therefore, while residues 12 to 29 are part of a highly persistent structure in the oligomeric intermediates that drive the initial steps of fibril formation, and remain within the core of mature fibrils, our MAS NMR analysis shows that only some of them adopt a highly ordered β-sheet conformation in the final fibril state.
These observations provide further insight into the different functions that distinct segments of the PI3-SH3 sequence may assume during the course of aggregation and fibril elongation. Residues 23 to 28, DIDLHL, present a binary hydrophilic-hydrophobic pattern that has been shown to promote aggregation in various proteins (92, 93) and may be responsible for the coalescence of partially ordered oligomers starting from unfolded PI3-SH3 monomers. The few preceding residues (17 to 22, KKEREE), on the other hand, are hydrophilic and positively charged at pH 2.0, yet they do not interfere with aggregation and are partially protected from H/D exchange in both oligomers and fibrils. Finally, residues on both sides of the protected region form β-sheets in the fibril structure (β-strands 1 and 2 in Figure 6 ), including the segment Y14-K17, which is already protected in the oligomeric intermediates. While there are several aggregation-prone regions in the PI3-SH3 sequence, one in particular (near the DT) seems to be sufficient to cause aggregation and form oligomers and eventually fibrils, in a process consistent with the NCC mechanism. These initial interactions are then likely superseded by their reorganization and the formation of wellordered β-sheets throughout the remainder of the sequence, as revealed by the MAS NMR measurements presented here.
Implications for a Structural Model
The MAS NMR analysis described above confirms that PI3-SH3 fibrils contain extensive regions of β-structure, as do fibrils associated with degenerative or infectious diseases. In early studies, analysis of FT-IR (19) and cryo-EM data (20) have indicated that approximately ~40% of the PI3-SH3 protein sequence is contained within the fibril β-sheet core, while the remainder of the protein sequence was proposed to form connecting loops and turns within the fibril structure (19) . This picture is broadly consistent with our results that indicate that up to 55% of the PI3-SH3 peptide chain is likely to be in well structured, predominantly β-strand conformations, although the fraction that adopts the cross-β structure characteristic of amyloid fibrils could be somewhat lower.
Our site-specific secondary structure assignments for PI3-SH3 fibrils are in good agreement with previous H/D exchange experiments, which show that most of the amide hydrogen atoms in the fibril structure are significantly protected from solvent exchange (23) . Although certain regions of the PI3-SH3 polypeptide chain in the fibril such as charged side-chain residues show evidence of limited dynamics, the absence of segments with liquid-like dynamics is consistent with a compact structure, and with the finding that none of the sequence is susceptible to ready degradation by proteolytic enzymes in the fibril state (22) . Thus we can infer that, while the well-structured regions of PI3-SH3 form the core amyloid structure and rigid loops, the remaining segments of the peptide backbone are also packed tightly within the quaternary structure of the fibril.
These results, in combination with structural information for PI3-SH3 previously obtained by cryo-EM, allow us to propose a structural model for PI3-SH3 that describes a possible arrangement of the subunit strands within the fibril core. However, we wish to emphasize that this model requires validation, and needs to be refined with additional structural constraints, specifically, interatomic distances and torsion angles that are presently in progress. Nevertheless, we can suggest a possible arrangement of the protein subunits within the fibril architecture given the following facts. (1) Cryo-EM data show that the width of the protofilaments composing the fibrils is ~20 Å, sufficient to accommodate two β-sheets, while X-ray diffraction data suggest that the sheet spacing is 9.4 Å (13, 20) . The fibril crosssection according to cryo-EM consists of four areas of highest electron density that were interpreted as the positions of the β-sheets forming the fibril core, while areas of diffuse electron density form a ring-like structure and were interpreted as arising from less ordered parts of the fibrils. (2) No peak doubling is observed in our NMR spectra, indicating that all subunits must reside in identical environments, with the lowest symmetry axis for two sheets being a C 2 axis. (3) H/D exchange measurements show that the C-terminus has a slightly higher exchange rate compared to the rest of the sequence in the fibrils (80) , which is consistent with our observation of a disordered C-terminus. (4) A tandem repeat of PI3-SH3 has been observed to form fibrils with a macroscopic morphology similar to those formed by the single-domain protein, but apparently composed of two laterally aligned protofilaments (94) .
Analyzing the structural data currently available from models of amyloid fibrils (32, 95, 96) we estimated different averages for the length-per-residue of the β-strands, between ~3.2 Å/ residue for straight β-strands and ~2.2 Å/residue for curved β-strands (see supporting information). For PI3-SH3 fibrils three sections of β-strands composed of ~16 residues are predicted by our chemical shift analysis. We note that these lengths are greater than most βstrands which typically contain up to ~10 residues in soluble proteins. With a lower and upper length limit of 2.2 to 3.2 Å/residue the individual β-strands would be between 35 and 51 Å long. However, since chemical shift analysis is only approximate, it would not be surprising if addition of structural constraints resulted in shorter β-strands in a calculated NMR structure. Cryo-EM data show a distance of ~42 Å between the regions of highest electron density in the fibril cross-section, which may correspond to the location of tightly packed β-sheets. This leads to the suggestion that in the case of PI3-SH3 fibrils the β-strands in the fibril core may be arranged in long arches across the fibril cross-section. These qualitative constraints then permit only a few possible arrangements, with one possibility illustrated in Figure 8 . In this structural model, four β-sheets form the core of each individual protofilament, while lateral interactions between subunits in adjacent protofilaments bring them together to form the fibrils. Further experimental data will be necessary to test this hypothetical model.
Conclusions
The success of our MAS NMR experiments in achieving almost complete assignment of 13 C and 15 N resonances of PI3-SH3 in amyloid fibril state, along with the identification of the majority of backbone torsion angles, suggest that a complete solid-state NMR structure of PI3-SH3 amyloid fibrils is within reach. As an alternative route, combination of our initial results with further analysis of chemical shifts (97) and cryo-EM data may lead to a detailed molecular description of the structure of a natively stable protein after conversion into the generic amyloid state. But even prior to a full structure, the present data have provided key information about the local conformation adopted by PI3-SH3 in amyloid fibril form. Solidstate NMR measurements have revealed a high degree of molecular organization in the structure and shown how the secondary structure elements in the amyloid fibril differ from those in the native structure. Our observations in PI3-SH3 reinforce the idea that the main chain preferences for a given type of secondary structure in the native state are not sufficient to determine those of the fibrillar state, but instead, intermolecular and quaternary interactions must guide the conformation of a protein as it is incorporated in amyloid fibrils. The identification of the backbone conformation of PI3-SH3 in the fibril state has allowed us to interpret the results of previous mechanistic studies in terms of site-specific molecular structure and propose a model of protofilament assembly, thus contributing to the further understanding of the complex mechanism of fibril formation by a natively folded protein.
Abbreviations
CP
Cross polarization Comparison of cross-peak information attainable in broadband Cα-C' correlation spectra of U-PI3-SH3 and 2-PI3-SH3. (a) Cα-C' region of a U-PI3-SH3 spectrum recorded with RFDR 2.24 ms mixing, displaying intra-residue one-bond correlations, some of which are labeled. (b) Similar region of a 2-PI3-SH3 spectrum recorded with RFDR 6.72 ms mixing, presenting multiple inter-residue two-bond correlations, labeled in black, and two-bond intra-residue correlations, labeled in gray. Both spectra were recorded at ω r /2π = 28.571 kHz employing ω 1 /2π = 120 kHz 13 C π pulses and without 1 H decoupling during the mixing period. Section of a TEDOR spectrum of 2-PI3-SH3 optimized for two-bond 15 N-13 C transfer with a 6 ms mixing period, recorded at ω r /2π = 10 kHz and 700 MHz 1 H Larmor frequency. Sequential correlations are labeling in black and intra-residue cross-peaks are labeled in gray. 
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